Abstract -Thelytokous parthenogenesis is the asexual production of female progeny. In the honey bee, Apis mellifera , thelytoky is unknown from mated queens, but can occur in virgin queens that have been induced to lay. We used microsatellite markers to quantify theltyoky in virgin A. mellifera queens of European origin that were sham inseminated with saline and/or narcotised with carbon dioxide. Of 20 queens, 17 (85%) produced at least one daughter thelytokously during an 8-week period. One exceptional queen produced 19% thelytokous progeny, though few total offspring (20 daughters in 107 pupae). The average proportion of thelytokous progeny among the remaining queens was 0.9% (range 0-3.5%), with the balance being males. These results are consistent with observations from the pre-molecular biology era that virgin honey bee queens of non-African subspecies regularly produce thelytokous offspring at low frequency and indicate that there is significant natural variation in the capacity for thelytoky among these queens.
INTRODUCTION
Male Hymenopterans typically arise from unfertilised eggs (Dzierzon 1845) by arrhenotokous parthenogenesis and are therefore haploid (White 1973) . Females are normally produced sexually (Cook 1993; Crozier and Pamilo 1996) via the union of a sperm nucleus with an egg pro-nucleus. However, in some populations or species, females can arise via automictic thelytokous parthenogenesis (Rabeling and Kronauer 2013) (Figure 1 ). Under this form of parthenogenesis, meiosis proceeds as normal to produce four haploid pronuclei at the end of meiosis II. Then, two of the four pro-nuclei fuse, as if one acted as a sperm, thereby restoring diploidy and producing a female offspring that is essentially a clone of her mother (Suomalainen et al. 1987; Pearcy et al. 2006; Goudie and Oldroyd 2014) . In social Hymenoptera, thelytoky can occur in queens or workers and has profound consequences for the kin structure of insect societies. For example, worker thelytoky means that unmated laying workers can be genetically reincarnated as the next queen, increasing the potential for reproductive conflict between sisters (Greeff 1996a, b; Oldroyd 2014, 2018; Holmes et al. 2014) . Reincarnation means that the benefits of reproductive cheating by thelytokous workers are far greater than for arrhenotokous workers that can only produce males (Greeff 1996a, b; Beekman and Oldroyd 2008; Goudie and Oldroyd 2018) . In contrast, queen thelytoky can have the opposite effect of reducing kin conflict Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13592-019-00649-0) contains supplementary material, which is available to authorized users. over reproduction, by increasing the relatedness of both workers and queens (Rabeling et al. 2009 ).
In the honey bee Apis mellifera , the incidence of worker thelytoky differs markedly among lineages and subspecies (Hepburn et al. 1998; Chapman et al. 2015) . A. mellifera can be grouped into four main evolutionary lineages: African (A lineage), Eastern European (C lineage), Western European (M lineage) and the Near East (O) lineage (Ruttner 1988; Franck et al. 2000) . Thelytoky is rare in most subspecies of all lineages, but common among queenless workers of one A-lineage subspecies, A. m. capensis of the Cape provinces of South Africa (hereafter Capensis) (Onions 1912; Jack 1916; Anderson 1963 ). More than 50% of Capensis workers produce female offspring via thelytoky (Aumer et al. 2017) . Other African lineage subspecies, such as those from Tunisia (Anonymous 1892), may have similarly high frequencies of worker thelytoky. These differences across lineages are consistent with a genetic basis of thelytoky in honey bees. Indeed, in Capensis workers, thelytokous reproduction is thought to be controlled by a single locus in a simple Mendelian manner (Lattorff et al. 2005; Aumer et al. 2017 ; but see Chapman et al. 2015) .
Thelytoky in honey bees is also known from virgin queens that have been prevented from mating naturally (Mackensen 1943) or experimentally induced to lay eggs via narcosis with carbon dioxide (Tucker 1958; Crewe and Allsopp 1994 ; Figure 1 Male Hymenoptera (haploid) are produced via arrenotoky. Female Hymenoptera (diploid) are typically produced sexually, but can be produced via automictic thelytokous parthenogenesis when two of the four products of meiosis II fuse to restore diploidy. Oldroyd et al. 2008) . As in workers, the incidence of thelytoky in CO 2 narcotised queens varies among evolutionary lineages. Two studies have reported a low incidence of thelytoky in CO 2 -treated virgin queens of European-origin. Mackensen (1943) reported around one third of virgin queens prevented from mating produced around 1% daughters (all other eggs being male). Similarly, Tucker (1958) found that around threequarters of virgin queens produced at least one thelytokous daughter when induced to lay by repeated carbon dioxide narcosis, with an average frequency of thelytoky per queen of less than 1%. In contrast, almost all Capensis virgin queens induced to lay by double narcosis with carbon dioxide produce thelytokous offspring (Crewe and Allsopp 1994; Oldroyd et al. 2008) . The frequency of thelytokous progeny is variable among Capensis queens, but is up to 100% (Crewe and Allsopp 1994; Oldroyd et al. 2008) .
There is some evidence that thelytoky can be induced in Hymenopterans by interspecific matings (Tardieux and Rabasse 1988) . When exotic A. mellifera queens were forced to mate with native A. cerana drones on Tsushima Island, Japan, about 3% of progeny were thelytokous (Nakamura et al. 1998 ). This frequency is similar to that observed in virgin queens of the C lineage (Mackensen 1943; Tucker 1958) . Remnant et al. (2014) experimentally determined whether interspecific instrumental inseminations of A. mellifera queens with semen from A. cerana males would produce thelytokous offspring. In that experiment, five A. mellifera queens were successfully inseminated with A. cerana semen. Of these queens, three produced only males, one produced non-viable interspecific hybrids and one produced 24 males and one thelytokous worker.
During experimental work for the above study (Remnant et al. 2014) , we sham-inseminated (hereafter SI) four European-derived A. mellifera queens (commercial Australian stock) with 0.3% saline solution and narcotised them twice for 10 min with CO 2 . That study focused on interspecific mating between honey bee species and the sham inseminations were originally intended as controls for treatments receiving interspecific semen. One of our SI queens, however, produced a high proportion of thelytokous offspring, comparable to that seen in some CO 2 -narcotised Capensis virgin queens (Crewe and Allsopp 1994; Oldroyd et al. 2008) . This led us to conduct a further assessment of the incidence of thelytoky in virgin A. mellifera queens to (i) confirm previous estimates (Mackensen 1943; Tucker 1958 ) of its incidence in European lineages using molecular markers and (ii) determine the typical frequency of thelytoky following sham insemination with saline.
METHODS
We reared three batches of virgin queens of commercial Australian stock. Australia's commercial honey bees are hybrids of Western European and Eastern European ancestry (Chapman et al. 2016 ). The first batch was reared in spring 2012 in Cairns, Far North Queensland, Australia (n = 4) alongside the experimental setup for Remnant et al. (2014) (but previously unreported). The next two batches were reared in spring 2015 at the University of Sydney campus (n = 14, n = 11). Within each batch, we used queens grafted from a single queen-mother colony using standard queen-rearing techniques (Harbo 1986) , with a different mother colony used for each batch. On emergence, queens were wing-clipped to permanently prevent mating and introduced into 4-frame nucleus colonies to mature. The virgin queens were prevented from leaving their colonies via grids (queen excluders) tacked over the colony entrances.
The queens of batch 1 were sham-inseminated at 3-4 days of age with 2 μl sterile saline solution (0.03%) and narcotised with CO 2 for 10 min on the following day (Harbo 1986 ). The instrumental insemination process involves CO 2 narcosis during the procedure for about 5 min; thus, all queens were narcotised twice in 24 h. One queen did not lay within 3 days of insemination and was subjected to further narcosis when 10 and 13 days of age. This queen began laying at 14 days of age. Batch 2 queens were similarly SI and narcotised the following day. Batch 3 queens were narcotised for 10 min, but without SI, to assess whether SI was contributing to rates of thelytoky. In these latter two batches, we exposed all queens to their
The frequency of thelytokous parthenogenesis in European-derived Apis mellifera virgin queens first CO 2 treatment at 10 days of age, matching the age-at-laying of the thelytokous queen in batch 1.
We inspected the brood produced by each queen once a week for 5 weeks (batch 1) or 8 weeks (batches 2-3) following narcosis or until the queen disappeared. During these inspections, we looked for evidence of female brood among capped brood cells. The caps of brood cells containing developing workers are flat while those containing developing males are domed (Winston 1991) . When a female pupa or suspected female (larva in flat-capped cell) was found, we removed it with forceps and stored it at − 20 C. We also collected 30 male pupa per colony to confirm that these were the sons of queens, and not the workers. Whenever we identified suspected female pupa, we photographed all frames of the colony containing brood and later estimated the proportion of total pupa (capped cells) that were female by counting all capped cells in the colony. For a subset of queens from batches 2 and 3 (n = 8), we also collected 50-100 eggs to confirm that we were not missing a significant proportion of thelytokous offspring because they failed to develop to the pupal stage. This might happen if multiple unfertilized eggs were laid into the same cell and male offspring always outcompete female offspring for space in the cell. The sample sizes of offspring genotyped per queen are given in Table S2 . We collected all queens at the end of the inspection period for genetic analysis.
We extracted DNA from hind legs of pupae and queens, tissue from larva and whole eggs using 5% Chelex solution (Walsh et al. 1991) . We genotypedbatch 1 samples at five microsatellite loci: A107, A8, A88, B124 (Solignac et al. 2003) and csd ). We genotyped batch 2 and batch 3 samples at eight loci (A107, A88, Ap43, B124, A14, A29, A79 and A8, Solignac et al. 2003) . We considered an individual to be the thelytokous offspring of the queen if it shared all its alleles with the queen at all loci and was heterozygous (indicating diploidy) at one or more loci (Allsopp et al. 2010) . We expected, however, that at a few loci, thelytokous offspring would be homozygous, even when their mother was heterozygous. This is because, under thelytoky by central fusion, the pronuclei that fuse are each descended from the two different products of meiosis I (Figure 1) . Whenever there has been recombination at meiosis I, alleles become shuffled between chromatids. This means that there is a 1/3 chance that heterozygosity will be lost in offspring, relative to the parent, at any locus that was heterozygous in the mother and was free to recombine (i.e. the locus is unlinked to the centromere) (see Pearcy et al. 2006; Goudie and Oldroyd 2014 for detailed explanations of why this is the case). We considered an individual to be an arrhenotokous offspring of the queen if he carried only one of the queen's alleles at all loci.
RESULTS
Incidence of thelytoky in European-derived virgin A. mellifera queens Batch 1. Of the four queens sham-inseminated with saline prior to a second CO 2 narcosis, one died shortly after insemination, and two produced only phenotypically male brood and were not considered further. The fourth queen that was narcotised repeatedly and did not begin laying until 14 days of age, eventually produced 107 offspring that survived to the pupal stage. These offspring included both males (n = 87) and females (n = 20) (18.7% thelytokous progeny; Table I ). Batch 2. Of 14 queens sham-inseminated with saline prior to a second CO 2 narcosis, 8 survived beyond the first week posttreatment and laid eggs. Of these, seven queens produced a small number of worker offspring (n = 1-10 per queen) interspersed among a majority of male o ff s p r i n g ( Ta b l e I ; 0.1-2 . 4 % thelytokous offspring), while the remaining one queen produced only very few (< 20) total eggs, all of which were male. Batch 3. Of 11 queens treated with CO 2 narcosis (but not sham-inseminated), all survived to lay eggs and 9 produced at least one thelytokous female offspring during the 8 weeks of the experiment (n = 1-5 per queen) among a majority of male offspring (Table I ; 0.2-2.3% thelytokous offspring). In the other two queens, we detected only male offspring, although one of these queens produced very few eggs in total (< 20). The incidence of thelytoky was therefore similar between queens that were or were not sham-inseminated in addition to CO 2 narcosis (batch 2 vs batch 3: p = 0.36, Fisher's exact test).
The genotypes of all female offspring were consistent with them being the thelytokous daughters of the queen (Table SI) .
DISCUSSION
When induced to lay via carbon dioxide narcosis, most of the virgin A. mellifera queens we examined produced a majority of male brood but a low frequency of thelytokous daughters (85% of all queens, 0.1-2.4% thelytokous brood per queen). This incidence is similar to that reported by Tucker (1958) and Mackensen (1943) for A. mellifera of commercial European stock.
One of our queens produced a relatively high proportion of thelytokous offspring (19% of brood), making it an outlier for non-African A. mellifera . This queen was sham inseminated with saline solution in addition to double CO 2 narcosis. However, another eight queens treated in the same way showed little or no thelytokous reproduction. Therefore, sham insemination does not consistently enhance the frequency of thelytoky in A. mellifera virgin queens. Indeed, the frequency of thelytoky in most of our SI queens was similar to that of queens that have simply been narcotised (this study, Tucker 1958), prevented from laying but not narcotised (Mackensen 1943) , or inseminated with interspecific semen (Nakamura et al. 1998; Remnant et al. 2014; Gloag et al. 2017) . Although our outlier queen did not begin laying until 2 weeks of age, the low incidence of thelytoky among other similarly aged queens in our experiment suggests that delayed onset of oviposition is also not an important factor causing thelytoky.
What then might explain the usually high incidence of thelytoky in this one queen? Her total reproductive output was lower than most queens examined in subsequent batches, largely because she laid eggs for the first 2 weeks of the experiment and then ceased laying. Tucker (1958) reported that thelytoky by virgin queens was most common in the days immediately after egg-laying began, so it is possible that the incidence of thelytoky in this queen would have been diluted over time had she continued laying. Even so, this queen remains a clear outlier in our study. She produced 20 thelytokous daughters within the first week of laying, compared to 0-3 daughters for the same period in all other queens. Our view, therefore, is that this queen represents the high end of natural variation in the genetic tendency towards thelytokous parthenogenesis in A. mellifera of European origin.
Why do virgin queens induced to lay by CO 2 narcosis produce occasional thelytokous offspring whereas mated queens, and queens instrumentally inseminated with semen, apparently do not? The most obvious explanation is that thelytoky goes unnoticed in mated and inseminated queens because both thelytokous and sexually produced offspring are females that cannot be distinguished phenotypically. Since the development of microsatellite loci for honey bees 25 years ago (Estoup et al. 1993) , tens of thousands of honey bee workers have been genotyped. Thus far, there are no reports of thelytoky in naturally mated queens, including in A. m. capensis (Beekman et al. 2009 ). Possibly, rare thelytokous workers from mated queens are overlooked as cases of allelic dropout or assumed to have fathers that carried the same allele as the queen at multiple loci.
The observation that almost all A. mellifera virgin queens produce thelytokous offspring at low frequency raises the question of whether laying workers can also produce the occasional female offspring. In one strain developed in Arizona, workers were frequently thelytokous ('Lusby bees ', deGrandi-Hoffman et al. 1991) , though the proportion of thelytokous vs arrhenotokous brood was not quantified in that study. Workers of the Asian honey bee Apis cerana , which begin egg-laying rapidly
The frequency of thelytokous parthenogenesis in European-derived Apis mellifera virgin queens after becoming queenless, can produce rare females among a majority of male-destined eggs , including females that are reared as queens (Holmes et al. 2014) .
The occasional high incidence of thelytoky in the progeny of virgin C-lineage queens suggests that there is pre-existing genetic variation for thelytoky in most or all honey bee populations. Thelytoky, a mutation that most likely arises as a fault in cell division during early embryogenesis (Cole-Clark et al. 2017) , can be selectively beneficial under some circumstances because it enhances the reproductive success of workers. Where thelytoky is common in a eusocial Hymenopteran population, it can give rise to unusual forms of social structures, including loss of the queen caste (Ravary and Jaisson 2002) , hybridogenesis (Schwander et al. 2008) , queen cloning (Fournier et al. 2005 ) and social parasitism . The low but detectable frequency of thelytoky in most honey bee populations therefore emphasises that haplodiploidy acts as an exaptation for the evolution of novel social structures in the eusocial Hymenoptera (Aamidor et al. 2018) .
GENERAL SUMMARY
Thelytokous parthenogenesis is the asexual production of female progeny (Figure 1) . In social Hymenoptera, thelytoky can occur in queens or workers and has profound consequences for the Table I . Number and proportion of thelytokous female offspring detected among otherwise male offspring of European-derived virgin A. mellifera queens following sham insemination (SI) and/or carbon dioxide narcosis (CO 2 ). Only queens that survived at least 1 week post-treatment and produced at least 20 eggs are shown. Asterisks (*) indicate that the female offspring were identified from egg genotypes only; all other female offspring were detected as pupa or larva in flat-capped cells. kin structure of insect societies. In the honey bee, Apis mellifera , thelytoky is unknown from naturally-mated queens, but occurs in virgin queens that have been induced to lay eggs, usually at low frequency. In this study, we quantified the frequency of thelytokous parthenogenesis in virgin A. mellifera queens of European ancestry. We sham-inseminated queens at 3-4 days of age with 2-μl sterile saline solution (0.03%) and/or narcotised them with CO 2 for 10 min. Queens were wingclipped to permanently prevent mating and prevented from leaving their colonies via grids over colony entrances. We used eight microsattelite markers to confirm the origin of any female pupa that appeared in colonies. We considered an individual to be the thelytokous offspring of the queen if it shared all its alleles with the queen at all loci and was heterozygous (indicating diploidy) at one or more loci (Figure 1 ). Of 20 queens that laid eggs, 17 (85%) produced at least one daughter thelytokously during an 8-week period (Table I) . One exceptional queen produced 19% thelytokous progeny, though few total offspring (20 daughters among 107 pupae). The average proportion of thelytokous progeny among the remaining queens was 0.9% (range 0-3.5%), with the balance developing as males via arrenotoky. The incidence of thelytoky was similar for queens that were sham-inseminated during carbon dioxide narcosis and those treated with narcosis only. These results are consistent with observations from the pre-molecular biology era that virgin honey bee queens of non-African subspecies regularly produce thelytokous offspring at low frequency. The high incidence of thelytoky observed in one queen suggests that there is significant natural variation in the capacity for thelytoky in unmated A. mellifera queens.
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